Our results show that infection with replication-competent, but not mutant, viruses results in the expression of VEGF mRNA and protein in the cornea. This a rapid event, with VEGF mRNA detectable by 12 h postinfection (p.i.) and proteins detectable by 24 h p.i. VEGF production occurred both in the virus-infected corneal epithelium and in the underlying stroma, in which viral antigens were undetectable. In the stroma, VEGF was produced by inflammatory cells; these initially were predominantly polymorphonuclear leukocytes (PMN), but at later time points both PMN and macrophage-like cells were VEGF producers. In the epithelium, the major site of VEGF-expressing cells in early infection, the infected cells themselves were usually negative for VEGF. Similarly, in vitro infection studies indicated that the cells which produced VEGF were not those which expressed virus. Attesting to the possible role of VEGF-induced angiogenesis in the pathogenesis of herpetic stromal keratitis were experiments showing that VEGF inhibition with mFlt(1-3)-immunoglobulin G diminished angiogenesis and the severity of lesions after HSV infection. These observations are the first to evaluate VEGF-induced angiogenesis in the pathogenesis of stromal keratitis. Our results indicate that the control of angiogenesis represents a useful adjunct to therapy of herpetic ocular disease, an important cause of human blindness.
Immunoinflammatory lesions in the corneal stroma resulting from ocular infection with herpes simplex virus (HSV) are one of the most common infectious causes of blindness in the western world (28) . Studies in animal models have revealed a complex pathogenesis, with the principal event being invasion by CD4 ϩ T cells that orchestrate the chronic inflammatory process (26, 27, 28, 31, 34, 37, 41) . Whereas the normal cornea is avascular, in herpetic stromal keratitis (HSK) neovascularization may be prominent, even reaching the central cornea. Inflammatory cells readily escape from such vessels, giving rise to haze and vision impairment. Indeed, neovascularization anywhere along the visual axis may impair vision, with vessel removal being highly problematic.
The mechanism by which HSV ocular infection results in corneal angiogenesis is not understood. Unlike some viruses, most notably human herpesvirus 8 and Orf virus, HSV appears not to encode proteins which themselves are directly angiogenic. Thus, human herpesvirus 8 encodes at least five such proteins. These include the three CC chemokine-homologous proteins vMIP-I, -II, and -III; an angiogenic viral interleukin-6; and G-protein-coupled receptor as an angiogenesis activator (2, 3, 21, 33, 35) . The Orf virus also encodes a protein homologous to vascular endothelial growth factor (VEGF), the family of glycoproteins that are the most important specific mediators of angiogenesis (18, 24, 42) . The four known isoforms of VEGF bind to tyrosine kinase receptors on vascular endothelial cells, causing their division and migration (14, 25, 42) . The VEGF molecules, along with members of the angiopoietin family and at least one ephrin, are the major growth factors responsible for normal vasculogenesis and angiogenic remodeling (42) . Furthermore, VEGF proteins also appear as important mediators of pathological angiogenesis, with such neovessels (NV) often being leaky and unstable (7, 16) . VEGF expression has been related to the regulation of certain immunoinflammatory diseases but has not, to our knowledge, been investigated for its possible role in the pathogenesis of HSK. In the present report, we describe changes in angiogenesis that occur in the mouse cornea in response to HSV infection. We demonstrate that VEGF is induced by HSV infection but that its primary cellular source appears not to be cells directly infected by HSV. We also demonstrated that VEGF inhibition by administration of a chimeric murine soluble VEGF receptor protein, mFlt(1-3)-immunoglobulin G [mFlt (1) (2) (3) Ϫ/Ϫ , and GFP-HSV under Avertin anesthesia (250 mg/kg by intraperitoneal injection). In the alkali burn model, Whatman filter papers (diameter, 1 mm) were soaked in 0.5 N NaOH for 1 min and then were put onto the central region of the mouse cornea under anesthesia for 1 min. The excess NaOH was removed by rinsing the eyes with 5 ml of phosphate-buffered saline and then gently blotting them with tissue. In the trauma control group, the corneas were slightly scratched only. The mice were observed every other day, and angiogenesis and clinical lesion scores were documented.
Clinical scoring system. Mice were examined at different time points after infection for the development of clinical lesions by slit lamp microscopy (Kowa Co., Nagoya, Japan) and stereomicroscopy (Leica Microscopy Systems Ltd., Heerbrugg, Switzerland) with an image system (Hamamatsu Photonics K.K., Hamamatsu City, Japan). The severity of stromal keratitis (19) and the degree of angiogenesis (10) were measured as described previously. Briefly, the clinical lesion score of HSK was described as follows: 0, normal cornea; 1, mild haze; 2, moderate haze with iris visible; 3, severe haze with iris not visible; 4, severe haze and corneal ulcer; and 5, corneal rupture. In reference to the angiogenesis scoring system, the method relied on quantifying the degree of NV formation based on three primary parameters: (i) the circumferential extent of NV (as the angiogenic response is not uniformly circumferential in all cases), (ii) the centripetal growth of the longest vessels in each quadrant of the circle, and (iii) the length of the longest NV in each quadrant, which was graded between 0 (no NV) and 4 (NV in the corneal center) in increments of about 0.4 mm (the radius of the cornea is about 1.5 mm). According to this system, a grade of 4 for a given quadrant of the circle represents a centripetal growth of 1.2 to 1.5 mm toward the corneal center. The final angiogenesis scores of the four quadrants of the cornea were then summed to derive the NV index (range, 0 to 16) for each eye at a given time point. The extent of the NV ingrowth was also recorded by direct measurement using calipers (Biomedical Research Instruments, Rockville, Md.) under stereomicroscopy.
Corneal NV India ink perfusion technique. The method for corneal NV India ink perfusion was described previously (39) . Briefly, the mice were anesthetized with Avertin at day 1 postinfection (p.i.). The descending aorta was clamped, the right atrium was cut, and 1 ml of waterproof drawing ink (India ink) (no. 4465; Eberhard Faber Inc., Lewisburg, Tenn.) was infused through the left ventricle. Five minutes later, the eyes were removed. The corneas (with limbal regions) were isolated, radially cut from the edge to the center of the cornea, and flat mounted on glass slides. The NV were viewed under the light microscope, and the images were taken by the image system.
Histopathological and immunohistochemical staining. At various times after infection, whole eyes were fixed in 10% buffered neutral formalin and embedded in paraffin, and tissue sections were stained with hematoxylin and eosin as described previously (19) . Sections were observed for thickness of the cornea, presence of inflammatory infiltrates, neovascularization, and corneal perforation. For immunohistochemistry, eyes were removed and snap frozen in OCT compound (Miles, Elkhart, Ind.). Sections (6 m) were cut, air dried, and fixed in cold acetone for 10 min. The sections were then blocked with 3% bovine serum albumin and stained with biotinylated anti-mVEGF164 (R & D Systems Inc., Minneapolis, Minn.). Sections were then treated with horseradish peroxidaseconjugated streptavidin (1:1,000) and 3,3Ј-diaminobenzidine (Vector, Burlingame, Calif.) and counterstained with hematoxylin. Cellular infiltration was quantified by enumerating the infiltrating cells in the corneal stroma. Each number was derived from four central corneal sections from two eyes. The infiltrating cells were counted in the whole corneal section.
Corneal lysate VEGF ELISA. Corneas at different time points were removed from whole eyes immediately after sacrifice, put into RPMI 1640 without serum, and stored at Ϫ80°C. The corneas were homogenized in an ice bath with a tissue homogenizer (PRO Scientific Inc., Monroe, Conn.) for 1 min. The resulting lysates were collected and assayed by a standard sandwich enzyme-linked immunosorbent assay (ELISA) protocol. The anti-VEGF capture biotinylated detection antibodies and standard mVEGF164 were from R & D Systems. The color reaction was measured with an ELISA reader (Spectramax 340; Molecular Devices) at 460 nm. The detection limit was 2 pg/ml. Quantification was performed with Spectramax ELISA reader software version 1.2.
Fluorescence-activated cell sorter (FACS) staining for Gr-1-, Mac-1-, and VEGF-positive cells from inflamed corneal cells. Four corneas each at days 1, 8, and 15 p.i. were isolated from the eyeball. The corneas were digested with collagenase (at pH 7.0) as described elsewhere, with some modifications (9, 31) . Briefly, the corneas were put into collagenase IV (Sigma Chemical Co., St. Louis, Mo.) at a concentration of 60 U/ml in Hanks balanced salt solution. The corneas were incubated for 1 h at 37°C in cell incubator. After incubation, the corneas were disrupted by passage through a cell strainer and grinding with a syringe plunger. The cells were collected, washed, and resuspended in RPMI 1640 with 5% fetal calf serum (FCS). The cells were blocked with 100% FCS for 30 min and stained for either Gr-1 (BD PharMingen, San Diego, Calif.) or Mac-1 (CD11b) (BD PharMingen) and mVEGF164.
In vitro experiments with thioglycolate-elicited neutrophils and macrophages. For isolation of polymorphonuclear leukocytes (PMN), thioglycolate-induced peritoneal exudate was used as a source of recently extravasated PMN. Mice received an intraperitoneal injection of 1 ml of thioglycolate. Three hours later, the peritoneal exudate cells (PEC) were removed, washed once in RPMI 1640 medium supplemented with 5% FCS, and then incubated on a plastic surface for 1 h at 37°C in the same medium. The nonadherent cells were removed and shown to be Ͼ98% PMN based on nuclear morphology. For macrophage preparation, the peritoneal exudate was removed 4 days after the injection of thioglycolate. The PEC were incubated either in two-well chamber slides (for later immunohistochemical study) or in 24-well plates (for later RT-PCR) and infected at a multiplicity of infection (MOI) of 2 for GFP-HSV-1, and immunohistochemical staining for VEGF was conducted at 18 h p.i.
RNA extraction and RT-PCR. At different time points after ocular infection, the corneas were isolated and four at each time point were immediately excised and transferred to Tri-reagent (Molecular Biology Inc., Cincinnati, Ohio). The total RNA was extracted according to the manufacturer's directions. Total RNA (10 g) was reverse transcribed, and aliquots of cDNA were used in a 25-l PCR mixture as previously described (21) . The primer sequences for VEGF were 5Ј-GCGGGCTGCCTCGCAGTC-3Ј (sense) and 5Ј-TCACCGCCTTGGCTTG TCAC-3Ј (antisense), corresponding to bp 16 to 33 and 659 to 640, respectively, of the mouse VEGF cDNA sequence (numbering is according to reference 8). Reverse transcription-PCR (RT-PCR) products were 716 bp (mVEGF188), 644 bp (mVEGF164), and 512 bp (mVEGF120). The amplification profile was 94°C for 1 min, 65°C for 1 min, and 72°C for 15 min for 30 cycles.
Statistical analysis. Significant differences between groups were evaluated using Student's t test. A P value of Յ0.05 was regarded as indicating a significant difference between two groups.
RESULTS
HSV ocular infection results in corneal angiogenesis. Following mild scarification and infection of the cornea with GFP-HSV-1 (KOS background), virus replicates in the epithelium for up to 4 to 5 days p.i. As shown in Fig. 1b and c, evidence of angiogenic sprouting from limbal vessels was present at 24 h p.i., when the virus was replicating vigorously in the corneal epithelium. At around day 8 p.i., when clinical HSK becomes discernible, angiogenesis had advanced approximately halfway across the cornea (Fig. 1a and d) , reaching the central region and its maximal extent at around 15 days p.i. (Fig. 1e) . Lesions of HSK in this model are usually at their peak at between 15 and 21 days p.i. In trauma control animals, mild angiogenesis was evident at 24 h p.i. (score of 2.5 Ϯ 0.3), but this had resolved within 2 to 3 days postinjury. A similar transient level of mild corneal angiogenesis was evident in mice exposed to UV-inactivated HSV KOS (the titer prior to inactivation was the same as or 20-fold higher than that used for active infection). Such data indicate that HSV-induced angiogenesis requires viral replication.
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Similar experiments were done with HSV-1 deletion mutants that were replication defective. Thus, infection with 5 ϫ 10 5 or 5 ϫ 10 7 PFU of the immediate-early ␣ gene mutant ICP4 Ϫ/Ϫ or early ␤ gene mutant ICP8 Ϫ/Ϫ , neither of which generated progeny virus in the eye, failed to produce significant angiogenesis beyond levels seen in trauma controls (Fig.  2b) . These virus infections also failed to induce HSK (Fig. 2a) . In other experiments, mice were exposed three times at 2-day intervals to 5 ϫ 10 5 or 5 ϫ 10 7 PFU of either mutant virus, but in no instance was angiogenesis that was any greater than that occurring in trauma controls observed. Such experiments are consistent with the notion that angiogenesis resulting from HSV infection is the consequence of viral replication.
Induction of VEGF by HSV infection. The mechanism by which HSV results in angiogenesis has not been defined. However, the most potent natural angiogenesis factors are members of the VEGF family (17, 42) . To determine if such molecules were induced after HSV ocular infection, several experimental approaches were pursued. In the first series of experiments, corneal lysates from animals infected for different time periods with wild-type (wt)or mutant viruses were measured for VEGF expression by ELISA. As a positive control, animals were exposed to an alkali burn, which causes VEGF production by inflammatory cell infiltrates (11) . As shown in Fig. 3 , using two different doses of HSV KOS (5 ϫ 10 5 and 5 ϫ 10 7 PFU), VEGF levels during the preclinical phase (5 days) correlated with the titer of viruses used for infection. (72 Ϯ 11 and 44 Ϯ 5 pg/ml for the higher-and lower-titer groups, respectively; P Յ 0.05). In the clinical phase (8 to 21 days), VEGF levels were the same in both groups, peaked at 10 days, and maintained similar levels (on days 7, 10, 15, and 20 p.i., the P value was Ն0.05). In trauma control animals, low levels of VEGF (9 to 20 pg/ml) were detectable on day 1, but none was detectable beyond day 2 postinjury. The alkali burn positive controls had peak VEGF levels at 54 Ϯ 7 pg/ml at around day 5 p.i., and this was comparable to the average VEGF level (58 Ϯ 19 pg/ml) of the groups with lower and higher viral titers at the same time point (P Ն 0.05).
Whereas wt virus infection induced VEGF, infection with mutant viruses induced only low levels (10 to 19 pg/ml) which were not significantly above those observed in trauma control animals at the same time points at days 1 and 2 p.i. (P Ն 0.05).
In separate experiments, animals were infected with wt virus, and at several time points, starting at 12 h p.i., samples were processed to measure VEGF mRNA levels by semiquantitative RT-PCR. By this analysis, two out of three murine VEGF isoforms (16), mVEGF120 and mVEGF164, were detected beginning as early as 12 h p.i. (Fig. 4) .
Cell source of VEGF. In an attempt to determine which cells in the eye were responsible for VEGF production, two types of experiments were performed. Initially, eyes were infected with wt virus or recombinant virus expressing GFP. At different times p.i., corneal sections were examined by immunohistochemical staining for VEGF expression. In the second experiment, infected animals were killed at various times p.i., the corneas were collected and collagenase digested, and the isolated cells were analyzed by FACS for phenotype and VEGF expression. The results of immunohistochemical staining revealed that virus-expressing cells (Fig. 5a ) were confined to the epithelium. Virus detected in the epithelium was present in occasional cells for up to 5 days. However, cells that expressed VEGF were located in both the epithelium and the stroma. Of interest is that VEGF-expressing cells in the epithelium were mostly cells that were not detectably infected with virus but were usually close to virus-infected cells. Such VEGF-positive epithelial cells were abundant at 24 h, but by 48 h only occasional cells were VEGF positive (Fig. 5b) .
In the stroma, VEGF-positive cells were observed at 24 h p.i., and such cells were far more abundant during the clinical phase (8 to 21 days) when virus was no longer present ( cells were VEGF positive. At the early phase almost all inflammatory cells appeared to be neutrophils, whereas at 7 days and later inflammatory cells were both neutrophils and macrophage-like cells. Curiously, the VEGF-positive inflammatory cells were more abundant near the sites of neovascularization (Fig. 6c) . Control uninfected corneas never contained VEGFpositive cells in the epithelium or stroma.
In the second series of experiments, cells isolated from HSV-infected corneas were analyzed by FACS to determine the percentage of inflammatory and noninflammatory cells Ϫ/Ϫ ) and control (trauma or alkali) corneas (n ϭ 4) were isolated and stored at Ϫ80°C until further use. The corneal lysates were assayed by ELISA for detection of mVEGF164. VEGF levels in the wt virus-infected corneas were correlated with the titers of the infected virus in the preclinical phase (P Յ 0.05). VEGF in trauma control corneas could not be detected beyond 48 h. VEGF levels in UV-inactivated-HSV-infected corneas at all time points were similar to those in trauma control and ICP4 Ϫ/Ϫ -and ICP8 Ϫ/Ϫ -infected corneas (data not shown). The above data indicate that HSV infection of the cornea causes apparently uninfected cells to produce VEGF. Initially the predominant producer cell type appeared to be noninflammatory cells in the epithelium, but subsequently, in the clinical phase, inflammatory cells in the stroma were the only sites of VEGF production. In both phases, cells which produce VEGF appeared not to be infected by virus. To further analyze this issue, thioglycolate-induced inflammatory cells were infected in vitro at an MOI of 2 with GFP-HSV-1. Eighteen hours later, cells were fixed, stained with biotinylated VEGF antibody and streptavidin-phycoerythrin, and then analyzed by fluorescence microscopy. The data (Fig. 5c and d) indicate that most of the VEGF-producing cells were not themselves virus-infected cells. Such virus-infected cultures contained both PMN and macrophage-like cells, and both cell types were shown to be VEGF producers upon virus infection. In the absence of virus infection, a very low percentage (around 2%) of the inflammatory cells produced detectable levels of VEGF.
mFlt(1-3)-IgG ameliorates angiogenesis and HSK lesions. The above data indicated that HSV-1 infection of the cornea upregulates VEGF expression, which in turn could act as the principal mediator of HSV-induced angiogenesis. Consequently, we expected that if VEGF activity was inhibited, this could reduce angiogenesis and modulate the severity of HSK. To test such a notion, BALB/c mice were infected with HSV and were treated systemically either with an mVEGF antagonist [the recombinant soluble form of the VEGF receptor Flt extracellular domain (1-3)-IgG] or with control mouse IgG. The severity and incidence of lesions were measured at days 11, 15, and 18. These were significantly reduced in mice treated with the VEGF antagonist, although the treated group showed severe periocular skin lesions compared with the control mouse IgG-treated group. Clinical lesion scores of Յ2.0 were evident in 45 and 12.5% of treated and control mice, respectively, at day 15 p.i. (Fig. 7a and c) . Angiogenesis scores in   FIG. 4 . Expression of corneal VEGF mRNA at various times after HSV infection. Mice were infected as described in the text. At different time points p.i., the eyes were enucleated and the corneas (n ϭ 4) were isolated and stored at Ϫ80°C in Tri-reagent. Total RNA was extracted from the samples and reverse transcribed into cDNA. PCR was performed to detect the isoforms (VEGF120, -164, and -188) of VEGF in HSV-infected corneas. ␤-Actin served as the positive control and standard for semiquantitative RT-PCR. (Fig. 7b and c) .
The data indicate that treatment with the VEGF antagonist inhibited both angiogenesis and HSK lesion severity; however, the effect was usually not complete.
DISCUSSION
This report analyzes the role of VEGF-induced angiogenesis in the immunoinflammatory lesion stromal keratitis induced by ocular infection with HSV. Our results show that infection with replication-competent, but not mutant, virus results in the expression of VEGF mRNA and protein in the cornea. This a rapid event, with VEGF mRNA detectable by 12 h p.i. and proteins detectable by 24 h p.i. VEGF production occurred both in the virus-infected corneal epithelium and in the underlying stroma, in which viral antigens were undetectable. In the stroma, VEGF was produced by inflammatory cells which initially were predominantly PMN, but at later time points both PMN and macrophage-like cells were VEGF producers. In the epithelium, the major site of VEGF-expressing cells in early infection, the infected cells were almost always negative for VEGF. Similarly, in vitro infection studies indicated that the VEGF-producing cells themselves were not those which expressed virus. Attesting to the possible role of VEGF-induced angiogenesis in the pathogenesis of HSK were experiments showing that VEGF inhibition with mFlt(1-3)-IgG diminished angiogenesis and the severity of lesions after HSV infection. These observations are the first to evaluate VEGF-induced angiogenesis in the pathogenesis of stromal keratitis.
Angiogenesis and vasculogenesis are topics of notable interest to ophthalmology and tumor biology. Such processes in adults occur only in pathological states such as wound healing and inflammation (17, 32) . Neovascularization in the eye is usually an unwanted event, since usually the consequence is interference with the passage of light along the visual axis. Abnormal angiogenesis in the retina induced by the hypoxia associated with diabetes often results in marked impairment in vision (6, 23) . In HSK, as shown in this report, angiogenesis is a prominent and early feature of the pathogenesis. The uninfected eye lacks blood vessels in the cornea, but angiogenenic sprouting and vasculogenesis invade from the limbus soon after HSV infection. The likely multiple stimuli which induce such a response have yet to be identified. However, the present results show that the VEGF family of proteins are involved. These molecules are important angiogenic factors during development (5, 15) and are frequently involved in pathological neovascularization such as occurs in several tumor systems (17, 20) . Our data show that at least two of the known VEGF isoforms are produced by ocular cells following HSV infection. This is a rapid event, but the mechanism by which HSV causes VEGF expression remains to be elucidated. Accordingly, when we looked for producer cells following infection with GFPmarked virus, VEGF-producing cells themselves were usually not those which could be shown to be infected with virus. In fact, the VEGF producers appeared to be two major cell types, noninflammatory cells and inflammatory cells. Early after infection most producing cells were noninflammatory and were assumed to be mainly corneal epithelial cells. As seen in corneal tissue sections, the VEGF-producing cells were close to infected cells but were seldom infected themselves.
The second VEGF-producing cell type was inflammatory cells in the corneal stroma. These were the major VEGF producers in the clinical phase, with both PMN and macrophagelike cells involved. Since virus is usually undetectable in the stroma and is absent in the cornea after the first few days of infection (19, 38, 40) , virus itself would seem not to be the stimulus for VEGF production. This was also noted to be the situation with in vitro infection experiments with inflammatory exudate cells, where it was observed that VEGF-producing and virus-producing cells were distinct.
The above observations raise the question as to the mechanism by which HSV infection of a cell triggers another cell to turn on VEGF gene expression. Presently it is unclear if this paracrine event is mediated by some HSV-encoded component released from infected cells or if it is the consequence of infected-cell-derived host proteins released from such cells. Since productive HSV infection eliminates most host cell protein synthesis (29, 30) , newly expressed host proteins such as cytokines or chemokines are unlikely candidates. Nevertheless, some HSV-infected cells may turn on interleukin-6 synthesis (22, 36) , and this cytokine represents a possible candidate. The virus itself, unlike some other herpesviruses (4), is not known to encode proteins that act as angiokine mimics, but some viral proteins are released from infected cells and these can even access nearby cells. The VP22 protein is the best known example of this event (12, 13) . We are currently analyzing the role of VP22 along with some potential host cell-derived proteins as candidates to explain VEGF triggering. Although our studies represent the first to document that VEGF production occurs during ocular infection with HSV, it remains to be proven if VEGF is the principal mediator of HSV-induced angiogenesis or if such an event is a necessary component of HSK pathogenesis. Some data presented in this report do support a major role of VEGF-induced angiogenesis in HSK. Accordingly, when infected mice were treated with the specific anti-VEGF antagonist mFlt (1-3)-IgG (1, 18, 20) , angiogenesis was minimized and HSK lesions diminished. However, the effect was not complete, indicating either that the treatment itself failed to eliminate all VEGF activity or, perhaps more likely, that other angiogenesis factors were also involved. These issues are under further investigation.
In conclusion, our studies demonstrate a role for VEGFinduced angiogenesis in the pathogenesis of a virus-induced immunoinflammatory lesion. Such observations could mean that the therapeutic control of HSK, a distressing cause of human blindness, might benefit from measures which target angiogenesis.
